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Abstract 15 
The role grey seals have played in the performance of fisheries is controversial and a cause of 16 
much debate between fishers and conservationists. Most studies focus on the effects of seal 17 
damage to gears or fish and on prey population abundance but little attention is given to the 18 
consequences of the latter for the fisheries. We develop a model that quantifies the economic 19 
impact of grey seal predation on the West of Scotland demersal fisheries that traditionally 20 
targeted cod, haddock and whiting. Three contrasting fishing strategy scenarios are examined 21 
to assess impacts on equilibrium fleet revenues under different levels of seal predation. These 22 
include status quo fishing mortality (SQF, steady state with constant fishing mortality), open 23 
access fishing (bioeconomic equilibrium, BE) and the maximum economic yield (MEY). In all 24 
scenarios, cod emerges as the key stock. Large whitefish trawlers are most sensitive to seal 25 
predation due to their higher cod revenues but seal impacts are minor at the aggregate fishery 26 
level. Scenarios that consider dynamic fleet behaviour also show the greatest effects of seal 27 
predation. Results are sensitive to the choice of seal foraging model where a type II functional 28 
response increases sensitivity to seal predation. The cost to the fishery for each seal is 29 
estimated. 30 
Keywords: seal predation, bioeconomic model, multifleet, mixed species fishery, cod, haddock, 31 
whiting, West of Scotland  32 
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Introduction 33 
There has long been controversy concerning the potential impact seals have on commercial 34 
fisheries (Lambert, 2001; Lavigne, 2003; Read, 2008), especially those where traditionally cod 35 
(Gadus morhua) formed a large portion of catches or revenues. The precipitous decline of cod 36 
stocks in the Northwest Atlantic (Hutchings and Myers, 1994) and the poor state of many cod 37 
stocks in the Northeast Atlantic (Fernandes and Cook, 2013) has fuelled arguments that seals 38 
have had a detrimental effect on these stocks (Butler et al., 2011; Gruber, 2014). A number of 39 
studies have evaluated the predation mortality rate of seal populations on cod both off the 40 
Canadian coast ȋǡ ? ? ? ?ǢǤǡ ? ? ? ?Ǣǯǡ ? ? ? ?Ȍ and 41 
in European waters (Alexander et al., 2015; Cook et al., 2015). These studies primarily consider 42 
the dynamics of the resource and the role seal predation may have played in the decline of cod 43 
stocks or their failure to recover. Most analyses have concluded that fishing has been the 44 
principal cause for stock decline but that seal predation may be an important factor in limiting 45 
their recovery. 46 
Regardless of any role seal predation has had on the decline in fish stocks, there is a widely held 47 
perception that seals represent direct competition with commercial fisheries and are therefore 48 
detrimental to both total revenues and profitability even if the fish stocks themselves are in a 49 
sustainable state. An important question that arises is the extent to which fish consumed by 50 
seals affects commercial fisheries not only in terms of resource abundance but also on the 51 
economic performance of the fisheries. Studies quantifying the economics of depredation, the 52 
direct seal-induced damage, on fisheries are numerous but focus on losses due to damage to 53 
gears or fish (Bosetti and Pearce, 2003; Cronin et al., 2014; Holma et al., 2014). The economic 54 
impacts of grey seal predation on fisheries have rarely been fully examined. Here we focus on 55 
the economic impact on the fisheries as a result of changes to the resource dynamics driven by 56 
4 
 
seal predation rather than the issue of the possible role of seals in stock decline or lack of 57 
recovery. 58 
The West of Scotland area, which corresponds to ICES (International Council for the 59 
Exploration of the Sea) Division 6a (Figure 1), offers an opportunity to investigate the economic 60 
impact of grey seal predation using data from seal diet studies carried out in 1985 and 2002 61 
(Hammond et al., 2006; Harris, 2007). These studies have documented the importance of a 62 
number of commercially important demersal species in grey seal diets including cod, haddock 63 
(Melanogrammus aeglefinus) and whiting (Merlangius merlangus) which are the traditional 64 
target species in the mixed demersal fishery. Since the 1980s, the grey seal population has 65 
increased in the West of Scotland but has stabilized in recent years at around 30 thousand 66 
individuals (Thomas, 2015). Grey seal predation mortality on cod has been estimated for this 67 
area (Holmes, 2008; Holmes and Fryer, 2011; Cook et al., 2015; Cook and Trijoulet, 2016) and 68 
more recently also on haddock and whiting (Trijoulet et al., 2017). However, these studies only 69 
consider the biological impacts of seal predation.  70 
In this study we consider the bioeconomic impact of grey seal predation on the West of Scotland 71 
demersal trawl fishery, and in particular UK vessels, as these are responsible for the majority 72 
of the whitefish catch in this area taking on average 75% of the combined cod, haddock and 73 
whiting landings between 2008 and 2012 (ICES, 2013). There are two principal components to 74 
the fisheries: one directed at whitefish with haddock as the main target species and a second 75 
directed at Norway lobster, Nephrops norvegicus, which takes a bycatch of cod, haddock and 76 
whiting (ICES, 2016a). We use an age-structured mixed species multifleet model to evaluate the 77 
potential impacts of seal predation on fishing revenues and net profits under various levels of 78 
seal predation. Three equilibrium scenarios are considered that enable a comparison of grey 79 
seal impacts under alternative fishing strategies or regulations.  80 
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Materials and methods 81 
The simulation model 82 
The principal equations governing the resource dynamics and the costs and revenues in the 83 
model are presented in Table 1. For stocks with sufficient data, the populations are modelled 84 
using conventional age-structured methods (Hilborn and Walters, 1992). Each cohort is subject 85 
to a mortality comprising the sum of the fishing (ܨ), natural (ܯ) and seal predation (ܲ) 86 
mortalities (equations T1.1 and T1.2). New recruits to the stock are given by a Ricker stock 87 
recruitment function (Ricker, 1954) and subject to stochastic process error (equation T1.3). 88 
Fishing mortality is decomposed into an age effect representing selectivity (ݏ) and a year/effort 89 
effect (ܧ) (Pope and Shepherd, 1982) and is further partitioned by fleet (݇) (equation T1.4). 90 
Following Cook et al. (2015), seal predation mortality is assumed to be the product of seal 91 
selectivity for each age class (ݏ݈݁), seal predation rate (ability of seals to catch fish, ݍ) and the 92 
total number of seals (ܩ) (equation T1.5).  93 
For the other fish species with no age-structured data available, a Schaefer surplus production 94 
function is used (Schaefer, 1954) following the formulation of Fletcher (1978) (equation T1.6). 95 
This describes the stock biomass dynamics in terms of carrying capacity (ܭ) and maximum 96 
sustainable yield (݉ݏݕ). 97 
Catches for age-structured stocks are calculated from the Baranov (Baranov, 1918) equation 98 
(T1.7) and partitioned into landings and discards (T1.8) while, for other species, landings are 99 
approximated directly from the biomass using equation T1.9. This equation corresponds to the 100 
Baranov catch equation for biomass assuming ܨ ൌ ܼ and provides an adequate approximation 101 
when ܨ is large compared to ܯ. For these other species, only the landings are modelled because 102 
the discard rates are low (Heath and Cook, 2015).  103 
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Fleet revenues are obtained by multiplying landings by fish price (T1.10). Fleet costs are 104 
estimated following a cost function (T1.11). Variable costs are assumed proportional to fishing 105 
effort. Both the variable costs per vessel (cv) and the fixed costs ( ௙ܿ) are held constant in the 106 
model. The fleet net profits are calculated by taking the difference between fleet revenues and 107 
costs (T1.12). 108 
Modelled species and fleets 109 
For simplicity, species, in rank order by value that, along with cod, haddock and whiting, 110 
represent over 95% of the revenues of the UK demersal trawlers fishing in Division 6a (STECF, 111 
2016a) were considered in the simulation model. These are saithe (Pollachius virens), 112 
anglerfish (Lophius sp.), megrim (Lepidorhombus spp.), European hake (Merluccius merluccius), 113 
ling (Molva molva) and Nephrops. Of these species, cod, haddock, whiting, ling and saithe 114 
account for the greatest proportion of the grey seal diet (Harris, 2007). However, although the 115 
saithe biomass consumed by seals is of a comparable scale to whiting, it is a very small fraction 116 
of the saithe stock biomass (ICES, 2015b), while ling accounts for a very small part of the UK 117 
commercial catch (ICES, 2016b). Hence seal predation is considered only for cod, haddock and 118 
whiting. No trophic interaction is considered between fish species. 119 
Five fleets were selected based on definitions used by ICES (2015a) and are shown in Table 2. 120 Ǥǲǳ121 
to all other gears used in UK fisheries in Division 6a and all foreign vessels catching cod, 122 
haddock and whiting.  123 
Parameterisation 124 
Age-structured stock dynamics 125 
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For cod, haddock and whiting, we used the age-structured stock assessment model described 126 
by Trijoulet et al. (2017) to provide estimates of the main input parameters. The model was 127 
fitted to the ICES stock assessment data (ICES, 2013) augmented with age compositions in seal 128 
diet derived from Harris (2007) and seal population size from Thomas (2013). Outputs from 129 
these analyses include a time series of fishing mortality, natural mortality, seal selectivity, seal 130 
predation rate, recruitment and spawning stock biomass (SSB) that are provided in 131 
Supplementary material.  132 
 Other species dynamics 133 
For the other species, those without a full age-based assessment, the Schaefer surplus 134 
production model was fitted by least squares to the biomass data from ICES reports (ICES, 135 
2013; ICES, 2014) to obtain values for ݉ݏݕ and ܭ (equation T1.6). The landings were treated 136 
as known, error free, values. The status quo fishing mortality for these species was estimated 137 
using the average biomass and landings between 2007 and 2011 using equation T1.9. No 138 
biomass estimates are available for ling and the landings were almost constant over the past 139 
ten years. For simplicity we assumed that ling landings scaled linearly with effort. Average 140 
landings between 2007 and 2011 were partitioned by fleet and assumed to correspond to an 141 
effort index of ܧ ൌ ͳ. Input values for the other species are given in Supplementary material. 142 
Fishing selectivity by fleet 143 
Fleet specific catch data were used to partition the fishing mortality at age by fleet for the age-144 
structured stocks. Total fishing mortality for the other species was partitioned down to fleet 145 
level by using the proportion of the fleet catch in the total catch. This is described in more detail 146 
in the Supplementary material. 147 
 Economic parameters 148 
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Cost and revenue data for the years 2007 to 2011 for the four UK fleets were made available by 149 
the UK agency Seafish, and were corrected for inflation using the gross domestic product 150 
deflator with 2012 as the reference year. Economic data are usually aggregated for the North 151 
Sea and the West of Scotland (Anderson et al., 2013), so for this study, the West of Scotland data 152 
have been extracted by identifying the vessels that spend the majority of their time in Division 153 
6a. Here, it is assumed that costs incurred due to fuel, crew share and other fishing costs are 154 
variable and that total vessel outlay, depreciation, interest and other financing expenses are 155 
fixed costs. Variable and fixed costs values used in the simulation model were averages over 156 
2007-2011 to be consistent with the reference period used for the fish stock values.  157 
No cost data are available fǲǳ. We assumed that this fleet was operating at the 158 
break-even point during the reference period 2007-2011 and used the revenues to estimate the 159 
costs. Within the UK fleets, average fixed costs per vessel are typically around half of the average 160 
variable costs. The total aggregated costs ǲǳ scaled to the number of vessels (all 161 
assumed foreign vessels), and partitioned using this ratio. The costs and the number of vessels 162 
for all fleets are summarised in Table 2.  163 
The price of fish in the West of Scotland is dictated by the European market (Scottish 164 	ǯǡ  ? ? ? ?Ȍ which means a change in the quantity of local landings has 165 
little effect on fish prices. As a result, the fish prices are assumed to be constant for each species 166 
in the simulation model. They correspond to fixed average real prices between 2007 and 2011 167 
taken from Marine Management Organisation (2012) and are shown in Table 3 . 168 
Equilibrium fishing scenarios 169 
Modelling regulations and fisher choices in the West of Scotland is complex. For simplicity we 170 
chose to run the simulation model under equilibrium scenarios which correspond to three 171 
different fishing or regulation strategies. This allows the comparison of grey seal impacts in 172 
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contrasting scenarios to test the sensitivity of the results. The tǲ	173 ȋ	Ȍǳǡ ǲeconomic  ȋȌǳ  ǲ   ȋȌǳ are outlined 174 
below. All the scenarios consider the impact of seal predation on fishing revenues and 175 
profitability under biological equilibrium conditions when the nine species considered show 176 
no change in mean SSB. The results presented are averages from the process error around 177 
recruitment over 50 years when SSB is at equilibrium. 178 
The SQF scenario keeps the fishing mortality at the base level constant (i.e. ܧ ൌ ͳ). It results in 179 
a biological equilibrium that assumes fleet behaviour does not respond to economic incentives. 180 
This scenario serves as a reference case for comparison with the other scenarios where fleet 181 
behaviour is dynamic and varies with the fleet net profit. 182 
The BE scenario assesses the impact of seal predation in the extreme open-access case where 183 
no regulation exists and vessels can enter or exit the fishery freely. Classical economic theory 184 
shows that, in this environment, fishers act independently and try to maximise their individual 185 
profit so that, in the long-term, the fishery tends to the bioeconomic equilibrium where total 186 
revenues equal total costs (Knowler, 2002). In this scenario, each UK fleet can invest or 187 
disinvest in effort or number of vessels following the value of its net profit. Given the value of 188 
the fleet net profit at the initial biological equilibrium (equation T1.12), fishing effort is adjusted 189 
and the model run to the new biological equilibrium. This process is then repeated until the BE 190 
is reached. It is assumed that higher net profit will lead to larger investment in the number of 191 
vessels and effort per fleet.  192 
The MEY scenario represents the economic equilibrium assuming the fishery is closed to new 193 
entrants and the fleet composition is fixed. The fleets are assumed to collaborate to obtain a 194 
sustainable fishery where the aggregated fishery net profit is maximised at the equilibrium 195 
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(Guillen et al., 2013). The goal is to determine the level of effort per fleet which maximises the 196 
total fishery net profit.  197 ǲǳ198 
this fleet, its effort is kept constant in both the BE and MEY models so the fleet cannot modify 199 
its fishing behaviour with its net profit. Additional information on scenarios is given in 200 
Supplementary material. 201 
Seal predation scenarios 202 
Fleet revenues were compared at different levels of seal predation mortality (ܲ). Scaling factors 203 
of 0.7-1.3 in steps of 0.1 were applied to the equation for ܲ (equation T1.5) in the three 204 
equilibrium scenarios. The scale range is limited to ±30% to avoid unrealistic departures from 205 
the current state. Assuming seal selectivity (ݏ݈݁) and predation rate (ݍ) are more or less 206 
constant, applying a scaling factor to ܲ corresponds to a change in seal population (ܩ). In this 207 
study, the predation rate is assumed constant by default for all scenarios. However, ݍ may be 208 
time varying especially if it is related to prey abundance such as in a functional response 209 
(Holling, 1959) and this is considered in the sensitivity analysis described below.  210 
In order to quantify the impact of a single seal on the fishery and on the fleet most affected by 211 
seal predation, we calculated the change in revenue per seal and the change in revenue per 212 
vessel when seal predation is changed by 10%. The change in revenue per seal is calculated as 213 
the difference between fishing revenues at the baseline number of seals and at 214 
increased/decreased seal predation, divided by the number of seals that represents 10% of the 215 
population. 216 
In order to allow comparison with fleet revenues, the weight of fish consumed by seals was 217 
converted to equivalent ǲrevenuesǳ by multiplying it with fish prices.  218 
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Consistency check and sensitivity analysis 219 
The main parameters of the model are derived from the average state of the fishery between 220 
2007 and 2011. As a check for consistency, the landings for this period were estimated by the 221 
model using mean population sizes from stock assessments for the same period. The estimated 222 
landings were then compared to observed values and shown to be consistent (Supplementary 223 
material). 224 
Sensitivity to the different assumptions in the simulation model was tested as follows: 225 
1. The model was run for two other commonly used stock-recruitment relationships to test 226 
robustness to the choice of curve. These were Beverton and Holt (1957) and the smooth 227 
hockey-stick (Froese, 2008).  228 
2. The parameter estimates of the Schaefer surplus production function ݉ݏݕ and ܭ 229 
(equation T1.6) were increased separately by 10% for all species to investigate 230 
estimation errors. 231 
3. A type II functional response of seals to cod biomass was applied as an alternative 232 
foraging model to the constant predation rate assumption. This was based on the cod 233 
partial biomass as described in Cook and Trijoulet (2016). This response is not 234 
considered for haddock and whiting due to difficulties fitting a type II functional 235 
response (Trijoulet, 2016). 236 
4. ǲǳ237 
iteration with its net profit to test the assumption of constant effort.  238 
5. A SQF scenario was run in the absence of cod to examine the sensitivity of the results to 239 
the species composition in the fishery in the event of a cod stock collapse (Cook and 240 
Trijoulet, 2016).  241 
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The sensitivity of the simulation model to seal predation was analysed by calculating the 242 
difference in change in fishing revenues when the seal population is increased by 10% between 243 
the initial model set up and when the sensitivity tests 1 to 5 are applied. For simplicity, results 244 
for sensitivity tests 1-4 are shown for the fleet most affected by seal predation only. 245 
Results 246 
Bioeconomic results 247 
Changes to SSB in the three scenarios resulting from different levels of seal predation are shown 248 
in Figure 2. Cod is the most sensitive to a change in grey seal numbers followed by whiting. The 249 
estimated equilibrium haddock SSB is little changed in all three scenarios even for large 250 
changes in seal population.  251 
The change in revenues and net profit at different levels of seal population is shown in Figure 252 
3. Larger whitefish vessels (TR1>24) are most affected by a change in grey seal population in 253 
all scenarios. For this fleet, in the dynamic scenarios (BE and MEY), the percentage change in 254 
revenues is much larger than the change in seal population. The smaller whitefish fleet 255 
(TR1_10- ? ?ȌǲǳǤǡNephrops trawlers show 256 
little change since cod, haddock and whiting represent a very low proportion of their revenues. 257 
Although individual fleets show large changes in revenues, when the whole fishery is 258 
considered, changes in seal predation of ±30% result in about 5% changes in revenue. This 259 
arises because Nephrops have a high value relative to other stocks and are unaffected by seal 260 
predation in the model. 261 
The MEY equilibrium is the only scenario where profits respond to seal predation. Here, the 262 
changes in net profit with seal predation are similar to the changes in revenues for all fleets 263 
except TR1>24, where the impact on the net profit is less than on the revenues (Figure 3).  264 
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The value of the quantity of fish eaten by seals was compared to fleet revenues for the current 265 
number of seals in the Division 6a (Table 4). When revenues from cod, haddock and whiting are 266 
compared (Table 4a), ǳǳ only represent a small proportion (less than 0.5 %) of the 267 
total revenues and this proportion is considerably smaller than the proportion for the whitefish 268 
fleets. Note that seal revenues of cod, haddock and whiting can be larger than those of the 269 
TR2<10 fleet, but this arises because the fleet catches mainly Nephrops (Figure S.2). When seal 270 
revenues are compared to fleet revenues for all fish species combined (Table 4b), the value of 271 
seal predation is negligible since it represents less than 2% of each fleet revenue. 272 
Table 5 shows the change in annual fishing revenues for a 10% change in seal population for 273 
the entire fishery and the TR1>24 fleetǤǲǳ. 274 
The results are of the same order of magnitude for all scenarios. For the TR1>24 fleet, the cost 275 
per seal is less than that for the fishery in all but one case but the cost per vessel is large as the 276 
losses are distributed among few vessels. For the whole fishery, the costs per vessel are lowest 277 
in the BE scenario because the Nephrops fleets expand to dissipate the profits. In contrast, for 278 
TR1>24, the costs per vessel are highest under this scenario (BE) because some vessels exit the 279 
fishery.  280 
Sensitivity analysis 281 
Table 6 shows the changes in grey seal impacts on TR1>24 for the different sensitivity 282 
scenarios. The three fishery scenarios show little change for all sensitivity tests except for the 283 
seal foraging model. Here a type II functional response for cod has a large effect. Overall, the 284 
dynamic scenarios show greater sensitivity than the SQF scenario. 285 
The impact of grey seals on all fleet revenues and therefore the whole fishery is substantially 286 
reduced if the cod stock collapses (Figure 4). Even reducing the seal population by 30% only 287 
increases the revenues of TR1>24, the most affected fleet, by less than 3%. 288 
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Discussion 289 
In the model, an increase in grey seal predation resulted in a clear decrease in the cod and 290 
whiting stocks. However, even large changes in grey seal predation have little impact on the 291 
haddock biomass. This is partly because the predation mortality on haddock is low compared 292 
to fishing mortality and also because seals show very low selectivity on the younger ages which 293 
contribute most to the stock biomass. This study suggests that the impact of seal predation on 294 
the haddock stock is likely to be low. 295 
Cod is the key stock in evaluating the impacts of seal predation on the demersal fishery. Seal 296 
predation mortalities are much greater on cod than haddock and whiting (Trijoulet et al., 2017) 297 
so seal predation effects are more substantial for this stock. In addition, the price per tonne of 298 
cod is roughly twice that of haddock and whiting, so cod make a proportionately larger 299 
contribution to the revenues.  300 
The three scenarios, SQF, BE and MEY, represent very different fishing strategies but a clear 301 
pattern emerges that the larger whitefish trawlers (TR1>24) are most sensitive to the effects 302 
of seal predation (mainly on revenues, less so on profits) and that this is largely due to revenues 303 
accruing from cod. In the scenario where the cod stock has collapsed, although the TR1>24 fleet 304 
still shows the greatest effects of seal predation, the impact is substantially reduced. 305 
For the TR1_10-24 fleet, whitefish are a principal target, yet Nephrops makes a significant 306 
contribution to the catches. As Nephrops is nearly twice as valuable as cod, the revenues of this 307 
fleet are less sensitive to cod biomass and any seal predation on it. Not surprisingly, the TR2 308 
fleets that target Nephrops are little affected by seal predation. Overall, the value of fish caught 309 
by seals is low in comparison to the fleet revenues and seal predation impacts are relatively 310 
small at the level of the whole fishery because Nephrops dominates the value of the total 311 
landings.  312 
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We chose a number of fishing scenarios to explore whether seal predation effects were sensitive 313 
to contrasting fleet behaviour. While none represent the current fishery accurately they show 314 
similar effects that may characterise, qualitatively, what may occur in reality. The SQF scenario 315 
shows the smallest effects of predation while both the BE and MEY scenarios show substantially 316 
greater sensitivity to seals. Both of these scenarios allow vessels to adapt their fishing strategy 317 
in response to economic incentives and such behaviour appears to magnify the effects of seal 318 
predation. Current estimates of the economic performance of the fleets suggest that they are 319 
operating close to BE (Lawrence et al., 2016), a scenario which heightens sensitivity to seal 320 
predation compared to SQF and reduces it compared to MEY. However, the magnitude of the 321 
change in revenues due to increased seal predation is much more sensitive to the population 322 
model assumptions (stock recruitment function, seal functional response, etc.) in the dynamic 323 
fishing scenarios. The results of the BE and MEY scenarios should therefore be treated as more 324 
uncertain than when fishing at SQF.  325 
For all scenarios, a small change in grey seal population of ±10% did not show substantial 326 
variations in fleet revenues and the results appear relatively robust to most model assumptions, 327 
with the possible exception of seal functional response to cod biomass. The type II functional 328 
response results show that an alternative seal foraging model may alter the results significantly. 329 
The effect of the response is to accelerate decline when stocks are already declining and 330 
similarly accelerate increase when stock are increasing. Inevitably this will contribute to 331 
greater sensitivity to seal predation as the effect is inversely density dependent. This highlights 332 
the need for a more realistic seal foraging model. 333 
Depredation and seal-induced infections are a different source of impact that would need to be 334 
added to predation effects to get a more complete estimate of the economic effects of seals. 335 
There have been a number of studies estimating the cost of seal-induced infections and 336 
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depredation. These give an annual cost between £300 and £4,800 per fisher or processor 337 
(Bjørge et al., 1981; Bosetti and Pearce, 2003; Butler et al., 2011) and a corresponding cost per 338 
seal between £15 and £290. Given the estimates of cost of seal predation in the West of Scotland 339 
from this study, it would suggest the costs including depredation could be as high as £700 per 340 
seal. 341 
Although seals may represent a cost to the fishery, they may support positive benefits to the 342 
economy from activities such as ecotourism. Grey seals are the third most popular wildlife 343 
attraction in Scotland after cetaceans and seabirds (Woods-Ballard et al., 2003). In the West of 344 
Scotland, tourism gains from whale and seal-watching have been estimated at around £1.8 345 
million in 2001 and the indirect income from other tourism attractions during the visitor stay 346 
can reach £7.8 million per year (Warburton et al., 2001). Consequently it can be argued that 347 
even if grey seals represent only a portion of these gains, grey seal presence may be more 348 
beneficial than harmful to the Scottish economy. However, these gains do not benefit the fishers 349 
that suffer the costs. 350 
Our model does not consider predatory interactions other than that of seals on three major 351 
species. Seabirds and cetaceans are also responsible for removal of large quantities of 352 
commercial fish (Overholtz and Link, 2007) and the largest predation on demersal fish comes 353 
from predatory fish themselves (Sparholt, 1994; Engelhard et al., 2014). Incorporating trophic 354 
interactions is likely to have a minor effect on the estimated direction of change seen from the 355 
model given that this study investigates the sensitivity to seal predation under average 356 
conditions. The results describe the relative impacts of seal predation on the different fleets 357 
under various exploitation scenarios rather than predict actual revenues and profit in the long-358 
term. 359 
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There are a number of additional reasons for treating the results presented here with caution. 360 
Seal predation mortality was estimated using only two years of seal diet data (Harris, 2007) 361 
that are themselves highly uncertain. This should not have a major impact on the qualitative 362 
impact of seals on the different fleets and fish stocks but may cause uncertainty in its 363 
magnitude. In addition, this study also makes the assumption that the fish population is 364 
homogeneous and equally available to seals and fishers which are in direct competition with 365 
each other. Currently the majority of cod landings are taken in the far north of Division 6.a and 366 
along the continental shelf edge (STECF, 2016b) while seal foraging mostly occurs on the 367 
continental shelf (Jones et al., 2015) including areas considered unsuitable for trawl fishing 368 
(Marine Environmental Mapping Programme, 2015). Seals may therefore predate on fish which 369 
are not directly available to fishers and although the absence of overlap between fishing and 370 
foraging zones does not mean the absence of competition, the interaction between seals and 371 
fishers is likely to be more complex than assumed here. This has potential to bias resulting 372 
model estimates and is an issue that requires further investigation. 373 
Conclusion 374 
Overall, seal predation effects on revenues are small at the whole fishery scale. The TR1>24 375 
fleet is the most sensitive to seal predation, and this is primarily due to the importance of cod 376 
in its catch. It seems, therefore that the importance of the seal-fishery interaction in the West 377 
of Scotland is limited to one major fleet and stock. However, assessing the significance of this 378 
interaction is heavily dependent on the assumption of the seal foraging model and is an area in 379 
need of further research. 380 
Supplementary material 381 
Supplementary material is available at the ICESJMS online version of the manuscript. 382 
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Tables 512 
Table 1: Equations used in the simulation model. 513 
Number Name Equation Comments 
(T1.1) Fish 
abundance at 
age ܽ and year ݕ for species ݅ 
௔ܰǡ௬ǡ௜ ൌ ௔ܰିଵǡ௬ିଵǡ௜݁ି௓ೌషభǡ೔  Exponential decay 
for cod, haddock, 
whiting and saithe 
(T1.2) Total 
mortality 
ܼ௔ǡ௜ ൌ ܯ௔ǡ௜ ൅ ܨ௔ǡ௜ ൅ ௔ܲǡ௜  ܯ is the natural 
mortality. ܲ ൌ Ͳ for 
saithe 
(T1.3) Recruitment 
at age 1 
ଵܰǡ௬ǡ௜ ൌ ൫ߙ௜ܵܵܤ௬ିଵǡ௜݁ିఉ೔ௌௌ஻೤షభǡ೔൯݁ఌ೔  Ricker curve with 
lognormal process 
errors, ߝ௜̱ܰ݋ݎ݈݉ܽሺͲǡ ߪଶሻ. 
The SSB is given by ܵܵܤ௬ǡ௜ ൌσ ൫ ௔ܰǡ௬ǡ௜݉௔ǡ௜ݓ௔ǡ௜൯௔ ǡ 
where ݉ is the 
proportion of mature 
fish and ݓ the fish 
weight. 
(T1.4) Fishing 
mortality for 
fleet ݇ ܨ௔ǡ௜ǡ௞ ൌ ݏ௔ǡ௜ǡ௞ܧ௞  Product of fleet selectivity ݏ and effort index ܧ 
(T1.5) Seal predation 
mortality 
௔ܲǡ௜ ൌ ݏ݈݁௔ǡ௜ݍ௜ܩ  Product of seal 
selectivity ݏ݈݁, seal 
predation rate ݍ and 
seal number ܩ 
(T1.6) Biomass for 
the other fish 
species 
ܤ௬ାଵǡ௜ ൌ ܤ௬ǡ௜ ൅ ସ௠௦௬೔௄೔ ܤ௬ǡ௜ ቀͳ െ ஻೤ǡ೔௄೔ ቁ െ ܮ௬ǡ௜  Schaefer model where ݉ݏݕ is the 
maximum 
sustainable yield and ܭ the carrying 
capacity 
(T1.7) Fishing 
catches 
ܥ௔ǡ௬ǡ௜ǡ௞ ൌ ிೌǡ೔ǡೖ௓ೌǡ೔ ௔ܰǡ௬ǡ௜ሺͳ െ ݁ି௓ೌǡ೔ሻ  Baranov equation. Catches by seals are 
calculated by 
replacing ܨ by ܲ in 
T1.7 
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(T1.8) Landings for 
age-
structured 
stocks 
ܮ௬ǡ௜ǡ௞ ൌ σ ߣ௔ǡ௜ǡ௞ܥ௔ǡ௬ǡ௜ǡ௞௔   ߣ is the proportion of 
landings in the total 
catch 
(T1.9) Landings for 
the other 
species 
ܮ௬ǡ௜ǡ௞ ൌ ሺͳ െ ݁ିி೔ǡೖሻܤ௬ǡ௜  Baranov equation for 
biomass assuming ܨ ൌ ܼ 
(T1.10) Fishing 
revenues 
ܴ௬ǡ௞ ൌ σ ሺ݌௜௜ ܮ௬ǡ௜ǡ௞ሻ  Product of fish 
landings and price ݌  
(T1.11) Fleet total 
cost ܿכ ܿכೖ ൌ ݒሺܿ௩ೖ ൅ ௙ܿೖሻ  Sum of the variable costs ܿ௩ and the fixed 
costs ௙ܿ per vessel 
multiplied by the 
number of vessels ݒ. 
The variable costs 
are proportional to 
fleet effort using a 
constant ߩ such as ܿ௩ೖ ൌ ߩ௞ܧ௞ 
(T1.12) Fleet net 
profit 
ߨ௬ǡ௞ ൌ ܴ௬ǡ௞ െ ܿכೖ    
  514 
26 
 
Table 2: Fleets considered in the simulation model and their characteristics. The number of 515 
vessels and their associated annual costs per vessel are mean values for the years 2007-2011 516 
obtained from Seafish. 517 
 518 
Table 3. Average fish price (݌) per tonne (2007-2011) for the nine fish species considered in 519 
the simulation model and proportion of the total catch made by the UK vessels for indication. 520 
  521 
Fleet code Definition Vessel 
length 
(m) 
Net mesh 
size 
(mm) 
Target 
species 
Number 
of vessels 
Variable 
costs ȋ ?ǯ ? ? ?Ȍ Fixed costs ȋ ?ǯ ? ? ?Ȍ 
TR1_10-24 Small UK 
whitefish 
trawlers 
10-24  ? ? ? ? Demersal 
whitefish 
9 430.5 213.0 
TR1>24 Large UK 
whitefish 
trawlers 
 ? ? ?  ? ? ? ? Demersal 
whitefish 
10 1,250.8 467.3 
TR2<10 Small UK 
Nephrops 
trawlers 
<10 70-99 Nephrops 31 47.6 27.0 
TR2_10-24 Large UK 
Nephrops 
trawlers 
10-24 70-99 Nephrops 151 137.7 73.0 
Others Other gear 
and foreign 
vessels 
All All Demersal 
whitefish, 
Nephrops 
19 1,236.3 618.1 
Species ݌ ȋ ?ǯ ? ? ?Ȍ % of total catch by UK vessels 
Cod 2.1 53 
Haddock 1.2 76 
Whiting 1.1 74 
Saithe 0.8 43 
Anglerfish 3.2 33 
Megrim 3.0 54 
Hake 1.9 26 
Ling 1.4 32 
Nephrops 2.9 99 
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Table 4: Comparison of fleet and seal revenues from cod, haddock and whiting with that for 522 
seals under the three scenarios and at the baseline number of seals. The weight of fish 523 
consumed by seals is converted to seal ǲǳprice. 524 
a. Revenue of cod, haddock and whiting by fleet expressed as a proportion (%) of the total 525 
cod, haddock and whiting revenue from all fleets including revenue from consumption by 526 
seals.  527 
Scenario TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others Seals 
SQF 12.90 54.81 0.07 5.23 26.70 0.29 
BE 50.24 26.78 0.91 0.87 20.99 0.21 
MEY 20.99 23.60 0.10 7.07 47.79 0.45 
b. Revenue of cod, haddock and whiting taken by seals expressed as a proportion (%) of the 528 
total fleet revenue including all species.  529 
Scenario TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others 
SQF 0.46 0.19 1.22 0.10 0.10 
BE 0.12 0.29 0.08 0.55 0.10 
MEY 0.56 0.80 1.72 0.15 0.13 
  530 
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Table 5: Change in annual fishing revenues ( ?ǯ ? ? ?) for the fishery and for TR1>24 following an 531 
increase or decrease in seal population of 10% (3,204 individuals). The change is given at the 532 
level of the whole fishery or fleet, per vessel and per seal. 533 
Seal 
scenario 
Equilibrium 
scenario 
   Fishery    TR1>24 
Whole Per vessel Per seal Whole Per vessel Per seal 
+10% SQF -1,350 -6.13 -0.421 -715 -71.54 -0.223 
BE -1,618 -2.69 -0.505 -1,289 -257.83 -0.402 
MEY -1,405 -6.39 -0.439 -903 -90.25 -0.282 
-10% SQF 1,414 6.43 0.441 763 76.32 0.238 
BE 1,456 2.41 0.454 1,541 220.21 0.481 
MEY 1,601 7.28 0.500 1,165 116.46 0.363 
 534 
Table 6: Sensitivity of the three scenarios expressed as the change in seal impacts on TR1>24 535 
revenues (%) for an increase in seal population of 10%. The change in impacts is calculated by 536 
taking the difference between changes in revenues for the initial simulation results and changes 537 
in revenues for the sensitivity test results. For instance, a value of 4.1 (BE scenario, sensitivity 538 
test 1) means that seal impacts on the fleet revenues are increased by 4.1% when a Beverton-539 
Holt stock recruitment relationship is used compared to a Ricker relationship. 540 
  541 
Sensitivity 
test 
Sensitivity to the Change considered SQF BE MEY 
1 Ricker stock-
recruitment model 
Beverton-Holt 0.0 4.1 0.0 
Hockey-stick -0.1 2.5 3.5 
2 Schaefer parameters ݉ݏݕ ൅ ͳͲΨ -0.2 -0.1 -6.2 ܭ ൅ ͳͲΨ 0.0 5.0 0.6 
3 Constant seal 
predation rate 
Type II seal functional 
response to cod biomass 
10.7 23.7 10.7 
4 Constant effort for ǲǳ Effort can vary with fleet net profit None -0.6 -2.5 
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Figures 542 
 543 
Figure 1: Map showing ICES Division 6a; the study area. Bathymetry data taken from Amante 544 
and Eakins (2009).  545 
30 
 
 546 
Figure 2: Change in mean equilibrium SSB (%) for cod, haddock and whiting in the three 547 
different scenarios for small (±10%) and large (±30%) changes in seal population. 548 
31 
 
 549 
Figure 3: Change in mean equilibrium revenues (%) or net profit (MEY scenario only) by fleet 550 
and for the entire fishery in the three different equilibrium scenarios for small (±10%) and large 551 
(±30%) changes in seal population.   552 
32 
 
 553 
Figure 4: Change in revenues (%) by fleet and for the entire fishery for a small (10%) and large 554 
(30%) change in seal population in the initial SQF scenario and for the SQF scenario in the 555 
absence of cod. 556 
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Supplementary material: Inputs of the simulation model, methods used to 
partition fishing mortality into fleets, characteristics of the equilibrium scenarios 
and model consistency check 
 
A. Inputs of the simulation model 
For the age-structured stocks (cod, haddock, whiting and saithe), age specific fishing 
mortality, averaged over the years 2007-2011, was used as an estimate of status quo ܨ 
with an assumed relative effort index, ܧ ൌ ͳ. This value of ܨ at age effectively defines 
selectivity at age (ݏ) (Table S.1). It was partitioned into fleets using the ratio of the fleet 
catch to the total catch (see part B). Natural mortality and seal selectivity were obtained 
directly from the stock assessment outputs. For seal predation rate (ݍ), an average of the 
values estimated for the two years 1985 and 2002 when seal diet data were available was 
used (Table S.2). Ricker stock recruitment parameters were obtained by fitting the 
function to the log recruitment and SSB values by least squares. The residual variance 
after fitting the model was used to characterise recruitment process error. In the case of 
saithe, input parameter values were taken from the ICES assessment (ICES, 2013c). 
For the other fish species, data from the literature were used to estimate the Schaefer 
parameters given in Table S.2. The landings from Division 6a, when not available in the 
reports, were taken from the ICES online databases (ICES, 2011; ICES, 2015a). For 
megrim and hake, ICES estimates of biomass are available only for a larger management 
area (ICES, 2013a; ICES, 2014), so for these species the biomass for the entire stock was 
scaled to the biomass in Division 6a by applying the proportion of the landings in 6a to 
the total landings for the area. For Nephrops, the biomass was estimated for each 
functional unit by multiplying population abundance by the mean weight of an individual 
in the landings and was then summed over all the functional units (ICES, 2013a). 
  
Page 2 of 12 
 
Table S.1: Age-structured inputs for the simulation model. 
Species Age Natural 
mortality 
(ܯ) Seal selectivity (ݏ݈݁) Fleet selectivity (ݏ) TR1_10-24 TR1>24 TR2<10 TR2_10-24 Others 
Cod 1 0.595 0.101 0.000 0.002 0.003 0.077 0.002 
  2 0.341 0.917 0.019 0.089 0.004 0.115 0.022 
  3 0.275 0.873 0.066 0.309 0.000 0.013 0.028 
  4 0.235 0.483 0.066 0.311 0.000 0.002 0.100 
  5 0.203 0.234 0.037 0.173 0.000 0.002 0.126 
  6 0.197 0.129 0.021 0.099 0.000 0.000 0.083 
  7+ 0.181 0.069 0.021 0.098 0.000 0.000 0.083 
Haddock 1 0.643 0.010 0.000 0.001 0.001 0.076 0.005 
  2 0.397 0.076 0.007 0.029 0.000 0.033 0.008 
  3 0.350 0.171 0.010 0.044 0.000 0.021 0.017 
  4 0.314 0.241 0.014 0.064 0.000 0.006 0.026 
  5 0.327 0.293 0.022 0.099 0.000 0.002 0.029 
  6 0.280 0.397 0.017 0.075 0.000 0.001 0.051 
  7 0.276 0.455 0.024 0.107 0.000 0.006 0.011 
  8+ 0.256 0.599 0.012 0.055 0.000 0.045 0.035 
Whiting 1 1.250 0.259 0.000 0.000 0.001 0.076 0.005 
  2 0.819 0.635 0.001 0.002 0.001 0.053 0.010 
  3 0.651 0.803 0.006 0.015 0.000 0.039 0.028 
  4 0.582 0.881 0.017 0.042 0.000 0.038 0.043 
  5 0.559 0.918 0.022 0.053 0.000 0.016 0.059 
  6 0.547 0.926 0.026 0.064 0.000 0.009 0.070 
  7+ 0.559 0.945 0.041 0.101 0.000 0.001 0.025 
Saithe 3 0.405 NA 0.004 0.094 0.000 0.000 0.065 
  4 0.372 NA 0.008 0.182 0.000 0.001 0.127 
  5 0.347 NA 0.011 0.232 0.000 0.001 0.161 
  6 0.313 NA 0.010 0.228 0.000 0.001 0.158 
  7 0.293 NA 0.011 0.229 0.000 0.001 0.159 
  8 0.282 NA 0.010 0.226 0.000 0.001 0.157 
  9 0.274 NA 0.009 0.197 0.000 0.001 0.137 
  10+ 0.264 NA 0.009 0.197 0.000 0.001 0.137 
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Table S.2: Other inputs of the simulation model. Standard errors are shown in parentheses for the parameters estimated by regression. 
For the recruitment parameters the standard errors are on the log-transformed scale. 
Species Seal 
predation 
rate ݍ  Ricker parameters Maximum sustainable yield ݉ݏݕ 
(tonnes) 
Carrying 
capacity ܭ 
(tonnes) 
Fishing mortality (ܨ) or landings (tonnes, ling only) ߙ  ߚ  ߪ  TR1_10-24 TR1>24 TR2<10 TR2_10-
24 
Others 
Cod 0.019 1,250 
(±0.248) 
0.011 
(±1.064) 
0.646 - - - - - - - 
Haddock 0.011 8,796 
(±0.659) 
0.021 
(±0.527) 
1.016 - - - - - - - 
Whiting 0.003 8,880 
(±0.198) 
0.002 
(±1.824) 
0.544 - - - - - - - 
Saithe - 1,486 
(±0.203) 
0.066 
(±0.240) 
0.547 - - - - - - - 
Anglerfish - - - - 2,678 
(±659) 
18,251 
(±4,806) 
0.030 0.070 0.000 0.011 0.227 
Megrim - - - - 1,464 
(±291) 
21,345 
(±4,916) 
0.045 0.019 0.000 0.000 0.036 
Hake - - - - 16,910 
(±3,197) 
32,998 
(±6,896) 
0.040 0.129 0.000 0.032 0.363 
Nephrops - - - - 21,383 
(±2,450) 
132,276 
(±9,961) 
0.005 0.000 0.010 0.115 0.019 
Ling - - - - - - 137 918 0.000 0.000 1,875 
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B. Partition of the fishing mortality into fleets 
B.1. Age-structured stocks 
To partition the fishing mortality by fleet, catch at age data for UK vessels from Marine 
Scotland for cod, haddock and whiting were used in conjunction with catch at age data 
from ICES reports (ICES, 2013a; ICES, 2013c). Marine Scotland data were available for 
the years 2012-2014, however, from 2014 onward, ICES merged data for haddock in ICES 
Division 6a and the North Sea to perform a single northern stock assessment and no 
separate assessment for 6a is available after 2013 for this species. Consequently, for 
spatial consistency with seal diet data, ICES reports for 2013 were used to partition the 
fishing mortality into fleets for the three species and only the 2012-2013 data from 
Marine Scotland were used. For saithe, no catch at age data by mesh size is available but 
the 2012 total landings by mesh size were recorded. These are therefore used to partition 
the fishing mortality into fleets. 
The number of fish of species ݅ caught at age ܽ ǲǳ(ܥ௔ǡ௜ǡை௧௛௘௥௦) was 
estimated following Equation (S.1).  
 ܥ௔ǡ௜ǡை௧௛௘௥௦ ൌ ܥ௔ǡ௜ǡூ஼ாௌ െ ሺܥ௔ǡ௜ǡ்ோଵ ൅ ܥ௔ǡ௜ǡ்ோଶሻ (S.1) ǲǳs the foreign vessels and UK vessels using gears other than 
the whitefish (TR1) and Nephrops (TR2) trawls. Its catch at age could be estimated by 
deducting the catches at age of the UK fleets (TR1+TR2) from the total catch at age 
recorded by ICES (ܥ௔ǡ௜ǡூ஼ாௌ). For saithe the catch at age by mesh size was obtained by 
scaling the total ICES catches at age in ICES Division 6a by the proportion of each fleet in 
the total landings in 2012. 
Having now the catch at age values for the three fleet groups ȋǲ݃ݎǳȌȋǤǤ ?ǡ ?ǲǳȌǡwas possible to estimate the proportion (߮௔ǡ௜ǡ௚௥) that each group 
represents in the total catch at age for the four species. The average (2007-2011) total 
fishing mortality at age (ܨത௔ǡ௜) obtained from the stock assessment model (Trijoulet et al., 
2017) for cod, haddock and whiting and the average 2007-2011 from ICES (2013c) for 
saithe were used to calculate the fishing mortality at age for the three fleet groups (ܨ௔ǡ௜ǡ௚௥) 
by multiplying ܨത by the proportion of each fleet in the total catch at age. 
 ܨ௔ǡ௜ǡ௚௥ ൌ ߮௔ǡ௜ǡ௚௥ܨത௔ǡ௜ (S.2) 
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Finally, it was necessary to partition the resulting fishing mortality for the TR1 and TR2 
mesh size groups into the fleets TR1_10-24, TR1>24, TR2<10 and TR2_10-24. To do so, 
the Marine Scotland data on landings per fleet were used to estimate the proportion of 
TR1 and TR2 total landings for each fleet ݇ (߰௞) (Table S.3). 
Table S.3: Estimated proportion of catch by mesh size group taken by each fleet (mesh 
size and vessel length combination). 
This enabled the calculation of the partial fishing mortality at age for the four fleets 
(Rijnsdorp et al., 2006). 
 ܨ௔ǡ௜ǡ௞ ൌ ߰௞ܨ௔ǡ௜ǡ௚௥ (S1.3) 
This partial fishing mortality was used to determine the values of the selectivity at age 
(ݏ) used in equation T1.4 of the simulation model. It was assumed that the effort index 
for each fleet (ܧ௞) was 1. Consequently, the values of fishing mortality at age (ܨ௔ǡ௜ǡ௞) 
derived were used as the values of selectivity at age for each fleet (ݏ) and were kept 
constant in the simulation model.  
To partition the catches into landings and discards, landings and discards at age data 
(2012-2014) made available by Marine Scotland was used to estimate the proportion of 
fish retained in the total catch (ߣ) (Table S.4). The data give the partition only by mesh 
size not by vessel length, so it was assumed that the proportion of fish retained only 
depends on the mesh size as is currently assumed in ICES (2015b). Also, no data exist for 
the foreign vessels but because most of the foreign vessels are whitefish trawlers (only 
1% of total catch of Nephrops in 6a comes from foreign vessels (ICES, 2015a)), it is ǲǳas 
the UK TR1 fleets. 
Some age classes are not represented in the data making it difficult to know if it is because 
these classes are not caught or if it is due to sampling error. As a result, a regression model 
Species TR1_10-24  TR1>24  TR2<10  TR2_10-24  
Cod  0.176  0.824  0.037  0.963  
Haddock  0.184  0.816  0.010  0.990  
Whiting  0.290  0.710  0.010  0.990  
Saithe  0.044  0.956  0.000  1.000  
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was fitted to the three years of data to estimate the missing data assuming a linear 
relationship between the logit of the proportion of fish retained and the fish age. Within 
the simulation model, the mean proportion of fish retained in 2012-2014 was used to 
partition catches into landings and discards following equation T1.8. Following ICES 
(2013c), the simulation model assumed there are no discards of saithe.  
Table S.4: Proportion of landings in the total catch (ߣ) used in the simulation model 
Species Age TR1 and Others fleets TR2 fleets 
Cod 1 0.034 0.000 
 2 0.008 0.004 
 3 0.090 0.125 
 4 0.293 0.996 
 5 0.474 1 
 6 0.806 1 
 7+ 0.943 1 
Haddock 1 0.235 0.025 
 2 0.669 0.069 
 3 0.848 0.289 
 4 0.956 0.513 
 5 0.954 0.487 
 6 0.988 0.703 
 7 0.679 0.512 
 8+ 0.996 0.839 
Whiting 1 0.168 0.003 
 2 0.169 0.014 
 3 0.567 0.095 
 4 0.730 0.270 
 5 0.839 0.701 
 6 0.761 0.879 
 7+ 0.804 0.972 
Saithe 3 1 1 
 4 1 1 
 5 1 1 
 6 1 1 
 7 1 1 
 8 1 1 
 9 1 1 
 10+ 1 1 
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B.2. Other species 
Data extracted from ICES databases have been used to partition the landings into UK and 
foreign fleets for each species (ICES, 2011; ICES, 2015a) by taking averages between 2007 
and 2011. 
The partition inside the UK fleets is more difficult due to the lack of empirical data and 
the fact that the economic data (STECF, 2015) do not assume the same fleet partition as 
ICES and this study. Different data sources were used by species.  
TR2<10 fleet 
Except for Nephrops, the Marine Scotland database reports the landings of species other 
than cod, haddock, whiting and saithe for the TR2<10 fleet as very small such that they 
were considered insignificant. Consequently, within the model, the TR2<10 fleet only fish 
on Nephrops. 
Anglerfish 
ICES (2013a) states that 10% of the UK anglerfish landings come from the Nephrops 
trawlers. Also, the STECF data annex tables for the years 2008-2011 records that on 
average 63% of the UK landings are caught by vessels larger than 24 meters and 37% by 
vessels between 10 and 24 meters (STECF, 2013). Consequently it has been concluded 
that 63% of the UK landings should be attributed to TR1>24, 10% to TR2_10-24 and 27% 
to TR1_10-24 (Figure S.1). 
Megrim 
According to ICES (2013a), only TR1 fleets fish on megrim in ICES Division 6a. STECF data 
enabled us to conclude that 70% of the UK megrim are caught by vessels between 10 and 
24 meters (STECF, 2013). 
Hake 
Of the UK landings for hake, 64% correspond to vessels larger than 24 m while 36% 
corresponds to vessels between 10 and 24 m (STECF, 2013). Also, hake is caught by mixed 
gear trawlers (ICES, 2014). The 20% and 16% caught by TR1_10-24 and TR2_10-24 
respectively were allocated to be consistent with the total landings of other species 
(except Nephrops) recorded in the Marine Scotland database. 
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Figure S.1: Partition of landings into fleets for species other than cod, haddock, whiting 
and saithe. 
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Nephrops 
ICES (2013a) gives the Nephrops landings in Division 6a for the different gear types and 
enables the partition into TR1, TR2 and creel fleets. The creel landings are allocated to ǲǳ
trawl UK vessels. The Marine Scotland database which gives effort and landings by vessel 
length and mesh size for the years 2000-2012 also records the landings for Nephrops. The 
2007-2011 data were used to partition the landings between fleets for this species. 
Ling 
The lack of empirical data on ling increases the uncertainty around the partition for this 
species. 87% of the UK landings come from vessels larger than 24 m (STECF, 2013). This 
corresponds to the TR1>24 fleet. The remaining 13% corresponds to vessels between 10 
and 24 m and there is no information on a possible bycatch by the Nephrops trawlers in 
ICES (2013b). Consequently these landings have been allocated to the TR1_10-24 fleet. 
 
This partition is believed to be a good approximation of the current fleet specific landings 
for species other than cod, haddock, whiting and saithe. It is used to calculate the baseline 
landings for ling and the baseline fishing mortality for anglerfish, megrim, hake and 
Nephrops used in the bioeconomic models (Table S.2). 
 
C. Characteristics of the dynamic equilibrium scenarios 
In the bioeconomic equilibrium (BE) scenario, the change in effort index for each iteration 
was modelled using a sigmoid curve which is bounded by a maximum (ο௠௔௫) change in 
effort and a minimum effort (here zero). The fleet effort index is scaled by a factor ο௞ at 
each iteration (݊) such as: 
 ο௞ǡ௡ାଵൌ ο௠௔௫ߨ௞ǡ௡߬ܿכǡ௞ǡ௡ ൅ ȁߨ௞ǡ௡ȁ ൅ ͳ (S1) 
The parameter ߬ is the steepness of the curve. When the net profit (ߨ) is zero, ο௞ǡ௡ାଵ is 
equal to 1 and there is no change in effort. If the net profit is negative, ο௞ǡ௡ାଵ is less than 
1 and the effort at the next iteration is reduced, inversely effort increases if the net profit 
is positive. We set ο௠௔௫ൌ ͳǤͷ and ߬ ൌ ͲǤʹ. This means that, at each iteration, the fleet 
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effort can only change by a maximum of 50%. Exploratory runs with alternative values in 
equation (S1) only changed the number of iterations required to reach the BE but 
otherwise gave the same result.  
In this scenario it is assumed that the fleet investment or disinvestment impacts the fleet 
total costs such that there is no requirement to partition the costs into variable and fixed 
costs. The vessels within a fleet are assumed identical and the marginal cost constant so 
a change in fishing mortality produces a linear change in costs and can be interpreted as 
a change in effort and/or vessel number. Total fleet costs are therefore expressed as: 
 ܿכೖ ൌ ܧ௞ܿ௞ (S2) 
The term ܿ௞ is the initial costs per fleet when ܧ௞ ൌ ͳ. The entire fishery is assumed to be 
at the BE when each fleet net profit is dissipated at the steady state. 
In the maximum economic yield (MEY) scenario, as the fishery is closed to new entrants, 
fishers can only modify their effort and cannot invest/disinvest in vessel number so the 
number of vessels remains the same. As a result, a change in effort only impacts the 
variable costs and the fixed costs stay constant (T1.11). The fishery reaches the MEY 
when the total fishery net profit (ߨ) is maximised: 
 ߨ ൌ ݉ܽݔ ൭෍ߨ௞௞ ൱ (S3) 
The model is solved for the level of effort per fleet which satisfies this economically 
optimal fishery at the steady state. The optimizer in the package DEoptim (Mullen et al., 
2011) was used in the statistical software R (R Core Team, 2016) to perform the 
maximisation. Alternative global optimizers such as simulated annealing gave similar 
results indicating that the results were not sensitive to the optimizing algorithm. As an 
upper bound on effort, we assumed that the fleets are currently operating at their 
maximum effort allocation so fleet effort index can only remain the same or decrease 
compared to the baseline.  
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D. Consistency check: composition of landings per fleet 
The model estimates landings in the first year of simulation similar to the observed values 
(Figure S.2) indicating that the model parameterisation is consistent with fishery data. 
There are clearly some differences which will arise from the averaging process used to 
derive the model inputs. 
 	Ǥ ?ǣȋǮ ? ? ?Ȍ
simulation (a) and the mean observed values over 2007-2011 reported by Marine 
Scotland (b). 
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